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ABSTRACT: Point defects in crystals provide important building blocks
for quantum applications. Since we optically address these defect qubits,
having an efficient optical interface is a highly important aspect. However,
conventional confocal fluorescence microscopy of high-refractive-index
crystals suffers from limited photon collection efficiency and spatial
resolution. Here, we demonstrate high-resolution, high-contrast imaging
of defects in diamonds using microsphere-assisted confocal microscopy.
A microsphere provides an excellent optical interface for point defects
with a magnified virtual image that increases the spatial resolution up to
λ/5, as well as the optical signal-to-noise ratio by four times. These
features enable individual optical addressing of single photons and single
spins of multiple defects that are spatially unresolved in conventional
confocal microscopy, with improved signal contrast. Combined with
optical tweezers, this system also demonstrates the possibility of positioning or scanning the microspheres. The approach does not
require any complicated fabrication or additional optical systems, but uses simple, off-the-shelf micro-optics. From these distinctive
advantages of microspheres, our approach provides an efficient way to image and address closely spaced defects with much better
resolution and sensitivity.
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Optically active point defects in crystals such as nitrogen-or silicon-vacancy centers in diamond have emerged as
the most attractive candidates for implementing quantum
technologies in solid-state platforms.1,2 These defects can
provide single photons and a long coherent spin over 1 ms at
room temperature.3,4 Recently, beyond single defects, address-
ing multiple adjacent defects has become increasingly
important. A number of groups have demonstrated scalable
quantum systems that enable multiqubit registers,5,6 super-
radiant emissions from multiple resonant emitters,7,8 and wide-
field imaging of magnetic or electric fields.9−13 Therefore, to
optically address multiple adjacent defects, an optical interface
with high resolution and high readout contrast is of paramount
importance. However, accessing the defects in bulk crystals
using conventional confocal microscopy, which consists of a
high numerical aperture (NA) objective lens with a pinhole for
spatial filtering, lacks such capabilities due to diffraction-limited
spatial resolution and background fluorescence from crystals,
substrates, and nearby defects.
There have been many efforts to improve the light extraction
efficiency by fabricating micro/nanophotonic structures such
as nanowires,14 nanobeams,15 bullseyes,16 and photon
extractors with inversed designs.17 These structures have
dramatically increased the brightness of single defects by more
than an order of magnitude and enhanced the radiative
recombination rate by the Purcell effect.18 However, these
approaches require a sophisticated fabrication process for
materials with high hardness, such as diamond, and nanoscale
devices often aggravate the coherence properties of photonic
and spin qubits.19−21 Furthermore, to deterministically couple
defects with photonic structures in the maximum optical mode,
precise spatial control of photonic structures or defects is
required.22−25
To improve the spatial resolution, various super-resolution
techniques, such as near-field probes,26 plasmon gratings,27
stimulated emission depletion microscopy,28,29 and Fourier
magnetic imaging, can be employed.30 These techniques have
led to a significant improvement in the spatial resolution of less
than 10 nm, but they are still not widely used for studying
defects due to several issues: limited imaging depth, low optical
throughput, nonradiative loss, and complicated imaging
systems, combined with a depletion beam or a gradient
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magnetic field. Therefore, addressing closely spaced defects
with high spatial resolution and high readout contrast remains
a challenge.
Here, we introduce a high-resolution, high-contrast optical
interface for defects based on hybrid integration of dielectric
micro-optics. Dielectric microspheres have several advantages
over previously reported fabrication-based photonic structures
and super-resolution techniques. First, the microspheres are
off-the-shelf optical elements with a wide range of options
regarding their materials and sizes. We can couple these optics
to defects by simple dispersion. The hemisphere solid
immersion lenses could also be considered as micro-optics,
and they have demonstrated large enhancement in the
brightness,31−34 improved spatial resolution,35 and capability
of position control.35,36 However, the microsphere has
distinctive advantages over solid immersion lenses. The
microspheres enable super-resolution imaging beyond the
conventional diffraction limit of a high NA objective lens by
subdiffraction-limited illumination and far-field propagation of
evanescent waves.37−40 In particular, the microspheres form
virtual or real images far apart from the actual sample surface.41
This spatially translated image separates the defect signals from
optical background noise existing near the sample surface.
Such capabilities of high-resolution, high-contrast optical
imaging enable us to optically address single photons and
single spins of defects that are spatially unresolved in
conventional confocal microscopy. Furthermore, the micro-
sphere can be optically controlled using optical tweezers for
deterministic positioning and wide-field scanning of defects.
Therefore, together with a simple, fabrication-free setup, the
microspheres provide a relocatable and efficient optical
interface for solid-state quantum emitters.
■ RESULTS AND DISCUSSION
We prepared point defects in diamond by ion implantation of
N2 ions that created randomly distributed nitrogen-vacancy
(NV) color centers near the surface within 100 nm with a
density of 1∼2 μm−2. For microsphere-assisted confocal
fluorescence microscopy, we dispersed BaTiO3 microspheres
on the diamond sample. The BaTiO3 microspheres have a high
refractive index (n ∼ 1.9−2.1) and a diameter of 10∼20 μm.
The high-refractive-index sphere is more beneficial for imaging
defects in diamond (n ∼ 2.42) than other low-index
microspheres such as soda-lime glass (n ∼ 1.51) and
polystyrene (n ∼ 1.59) since the small refractive index contrast
between the microsphere and diamond can minimize the total
internal reflection at the interface. The refractive index contrast
between the microsphere and its surrounding environment
plays an important role in the image, as it determines the
propagation of light through the microspheres. A small (large)
index contrast with the environment forms a virtual (real)
image below (above) the sample.41 To maintain the advantage
of high-index microspheres but reduce the index contrast with
the environment, we immersed the microspheres in immersion
oil (n = 1.518). By doing so, we can bring the capability of
super-resolution imaging to a virtual image plane.39−42
Furthermore, the small index contrast between the spheres
and immersion oil reduces the scattering force at the interfaces
and allows us to trap the high-index microsphere using optical
tweezers. For fluorescence imaging, we used a home-built
confocal microscopy setup at room temperature. We excited
the sample with a 532 nm continuous-wave laser and collected
the fluorescence from the sample with an oil immersion
objective lens (NA = 1.4). We spectrally filtered out the
exciting laser from the collected fluorescent signals by using a
dichroic mirror and then spatially filtered out the emission by
Figure 1. (a) Schematic description of microsphere-assisted microscopy with a virtual image underneath the sample surface. (b) Vertically scanned
confocal image of defects with a microsphere. The dotted lines indicate the microsphere, sample surface, and virtual image plane. (c, d) x−y
scanned confocal images with the microsphere at different vertical planes of z = 0 μm (sample surface) (c) and z = −12 μm (virtual image plane)
(d). The color bar denotes the photoluminescence (PL) intensity in units of k counts per second. (e) Schematic representation of the optical
phenomenon in the microsphere that magnifies the image and couples the evanescent field. (f) Numerical simulation of an incident plane wave
toward a 20 μm sized microsphere on diamond. A logarithmic color map of the intensity (|E|2) shows the photonic nanojet effect that tightly
focuses the incident wave at the bottom of the microsphere.
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using a 50 μm pinhole and two lenses, followed by a fiber-
coupled silicon single-photon avalanche photodiode (SPCM-
AQRH, Excelitas).
Figure 1a illustrates the microsphere-assisted microscopy for
imaging defects in diamond. Immersing the high-refractive-
index microsphere in a liquid (n ∼ 1.518) forms a virtual image
of defects underneath the sample surface. We first vertically
scan the sample to determine image planes with and without a
microsphere lens. As shown in Figure 1b, outside the
microsphere, the confocal map displays the fluorescence
from defects at z = 0 near the diamond surface, whereas the
defects under the microsphere create a virtual image at a lower
plane near z = −12 μm. Figure 1c,d exhibits x−y lateral maps
at two different image planes of z = 0 and −12 μm. In
comparison, the virtual image in Figure 1d noticeably shows
defects with better contrast and lateral resolution than those at
the sample surface outside the microsphere. While the
photonic nanojet tightly illuminates the defects in the lateral
direction, its vertically elongated shape results in extended
defect images along the z-direction at the virtual plane.
The improvement in the image quality is relevant to the
optical phenomena in the microsphere. As described in Figure
1e, a microsphere, as a spherical lens, creates a magnified
virtual image. The magnification factor varies with the size of
spheres, the optical index contrast, and the distance from the
microsphere to the defects.37,40,43 More importantly, the
microsphere improves the spatial resolution beyond the
diffraction limit in conventional confocal microscopy.37−40,44
First, the microsphere couples high-frequency evanescent
waves to far-field emission within the gap (λ/2) between the
microspheres and the surface, as described in Figure 1e. This
coupled near-field enhances both the light extraction and
spatial resolution, which occur in the vicinity of the contact
area around one-quarter of the sphere size.45 Another
important phenomenon is subdiffraction-limited illumination,
the so-called photonic nanojet.40,44,46,47 Figure 1f shows a
finite-difference time-domain simulation of cross-sectional |E|2
profiles with a 20 μm diameter microsphere. The dielectric
microsphere leads to constructive interference between
diffracted waves.40 In the simulation, the microsphere tightly
focused the incident wave into a localized spot with a beam
waist of 232 nm for an illuminating wavelength of 532 nm.
Previously, from these effects on collection and excitation,
microsphere-assisted microscopy demonstrated the super-
resolution capability for 50 nm sized nanoparticles39 and 75
nm sized virus samples.37
For quantitative analysis, we directly compare the images of
the same defects with and without the microsphere. This
comparison was possible since the microspheres were
relocatable.48−51 To change the position of microspheres, we
combined optical tweezers (see Figure S1 and Supporting
Video 1 in the Supporting Information).
Figure 2a,b displays the lateral confocal maps with/without
the microsphere. In the same stage scan range, the microsphere
shows a magnified virtual image that is almost doubled in size.
We determine the magnification factor (M) of the virtual
image from the nonmagnified confocal image without the
microsphere. Figure 2c shows the experimentally measured M
with depth. The magnification increases from 1.9 to 2.5 in the
range of z = −9 ∼ −15 μm. The magnification in the spherical
lens system can be approximated using geometrical optics.37
By considering a spherical aberration, the microsphere has a
focal length =
[ − ]− − −
f x( ) x
x R n x Rsin 2 sin ( / ) 2 sin ( ( / ))1 1 r
1 , where x is
the transverse distance from the optical axis, R is the radius of a





is the refractive index
contrast between the microsphere and the oil. Then, the sphere













where δ is the depth of defects from the sample surface.
Following the above formula with R = 10 μm, δ = 100 nm, and
x = 1 μm, we can calculate the virtual image plane at dv = −13
μm, with M = 2.28. Depending on the observed virtual plane,







calculated values are well matched to the experimentally
observed results shown in Figure 2c.
In terms of brightness, the high-index spheres couple the
evanescent waves near the diamond surface to free space. From
the numerical simulation, we calculate the improved extraction
efficiency of dipoles under the microspheres to be a factor of 2.
In the experiment, we observe an enhancement in brightness
up to 40% by comparing the saturation intensity of the same
defect with and without a microsphere (see Figure S2 in the
Supporting Information). The discrepancy between the
simulation and observation is likely due to the narrow spatial
window of the microsphere for the maximum brightness. The
simulation shows that the maximum enhancement only occurs
within approximately 1 μm under the center of the sphere (see
Figure S3 in the Supporting Information). This window can be
widened by increasing the size of the microsphere.
Although the brightness enhancement is moderate, the
microsphere enables a large increase in the signal-to-noise ratio
with substantially reduced background fluorescence at the
Figure 2. (a, b) Comparison of confocal fluorescence images of (a)
conventional and (b) microsphere-assisted microscopy. Two images
are laterally scanned in the same x−y scan range at z = 0 (without a
microsphere) and z = −12 μm (with a microsphere). The magnified
image in (b) corresponds to the area, marked as the orange-dashed
box in (a). (c) Magnification factors measured at different virtual
image planes in microsphere-assisted microscopy. A solid line denotes
a calculated magnification factor M(z). (d) Comparison of the signal-
to-noise ratio with (red) and without (black) the microsphere. The
yellow circles in (a) and (b) denote the single defect used for the
comparison in (d).
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virtual image plane compared to that at the sample surface.
The optical background comes from the fluorescence of the
sample, such as the immersion oil, host crystal, and nearby
defects. Besides, the use of oil increases the background signals
due to largely enhanced scattering. The background signal is
much brighter above near the diamond surface compared to
the region below the diamond, as observed in Figure 1b.
Therefore, spatial separation of the virtual image far below the
sample surface is beneficial to reduce the optical background
noise. Achieving a high signal-to-noise ratio is very important
for solid-state qubit systems since we need to manipulate the
signals of single photons. Figure 2d compares the signal-to-
noise ratio of the same single defect (yellow circles in Figure
2a,b) with and without the microsphere. The results shows a
large enhancement in the signal-to-noise ratio by an average of
four times for the virtual image.
The fluorescence of a single atomic defect can serve as a
perfect point-spread function for measuring the spatial
resolution of the image. To determine the spatial resolution
of this microsphere-assisted microscopy approach, we calibrate
the scale of the virtual image using the measured M. In Figure
3a,b, the spatially unresolved defect groups D and T in
conventional microscopy are well resolved as separated defects
by microsphere-assisted microscopy, with labels D1 and D2
and T1−T3, respectively. The result clearly shows the
improved resolving power of microsphere-assisted microscopy.
To compare the full width at half-maximum (fwhm) of the
point-spread function, we select the single defects labeled S in
Figure 3a,b and plot the cross-sectional intensity curve in
Figure 3c. In conventional microscopy, the fwhm of the fitted
Gaussian function is approximately 280 nm. Considering the
center wavelength of 700 nm for the broad spectrum
(600∼800 nm) of NV centers, the value corresponds to a
spatial resolution of ∼λ/2.5, close to the Abbe diffraction limit
of λ/(2 × NA), where the NA is 1.4 with an oil immersion
lens. For microsphere-assisted microscopy, we measure the
point-spread function at two different virtual image planes (z =
−13 and −17 μm) and achieve fwhm values of 188 nm (λ/3.7)
and 142 nm (λ/5), respectively. Therefore, microsphere-
assisted microscopy provides spatial resolution beyond the
diffraction limit in conventional microscopy. Figure 3d plots
the spatial resolution as well as the intensity with the imaging
depth from the surface. The microsphere forms the virtual
image with the highest intensity at approximately z = −12 ∼
−13 μm. As the image plane moves further down, we observe
higher resolution, but lose the intensity. At z = −17 μm, we
achieve a resolution of approximately λ/5, but the intensity is
reduced to 20% that of the maximum intensity. Additionally,
the intensity profile at z = −17 μm shows two shoulder peaks
(Figure 3c). These peaks originate from airy patterns, which
become stronger as we pass the focal plane dv = −13 μm (see
Figure S4 in the Supporting Information). We note that the
size of a pinhole affects both spatial resolution and signal-to-
noise ratio. We selected the size of pinhole (50 μm) that shows
optimal resolution, signal-to-noise ratio, and brightness (see
Figure S5 in the Supporting Information).
With the enhanced resolving power and improved optical
signal contrast, we examine closely spaced defects, which are
not resolved by conventional microscopy. In Figure 3e,f,
conventional microscopy shows the intensity profile of defect
group D as a single merged peak, whereas microsphere-assisted
microscopy shows two separated peaks for defects D1 and D2
in Figure 3b. Each single quantum emitter behaves as a single-
photon source, quantified by an antibunching dip, ideally
g(2)(0) = 0. When multiple defects spatially overlap, the value
increases as = −g (0) 1
N
(2) 1 , where N is the number of
quantum emitters. To investigate single-photon purity, we
Figure 3. (a, b) Confocal images of defects in (a) conventional and (b) microsphere-assisted microscopy. The virtual image at z = −13 μm in (b) is
rescaled with the magnification factor to compare with the conventional confocal image in (a). Defects labeled S, D, and T in (a) denote single
defects and spatially unresolved double and triple defects, respectively. These defects are well separated in (b) and labeled D1 and D2 and T1−T3.
(c) Cross-sectional intensity profiles of defect S from conventional confocal microscopy (black dots) and microsphere-assisted microscopy at
different z positions of z = −13 (red dots) and −17 μm (blue dots). Solid lines are fitted lines with a Gaussian function. (d) Spatial resolution and
normalized intensity of the single defect S as a function of the z position of the virtual image. A green-dashed horizontal line indicates the
diffraction limit of conventional microscopy. (e, f) Intensity profiles of two adjacent defects D in (a) and D1 and D2 in (b). The data in (e) and (f)
are fitted with single- and two-separated Gaussian functions, respectively. (g, h) Second-order photon correlation curves, measured at (g) the
maximum peak of the merged defect D and (h) each peak of the separated defects D1 and D2. The red lines are fitted g(2)(τ) curves.
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measure the second-order photon correlation g(2)(τ) using
Hanbury Brown and Twiss measurements and fit the data
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where τ1(2) is a time constant relevant to the lifetime of excited
states (metastable state), and C is a coefficient for the
antibunching dip and bunching peak with a time scale of τ1(2).
For the single defect (S), both conventional and microsphere-
assisted microscopy show expected low g(2)(0) values of 0.12 ±
0.07 and 0.09 ± 0.06, respectively (see Figure S6 in the
Supporting Information). Then, we measure g(2)(τ) for the two
closely spaced defects. For defect group D, we record the
histogram at the maximum intensity of the merged peak and
achieve g(2)(0) = 0.3 ± 0.08 (Figure 3g). The value is
noticeably increased compared with that from the single defect.
On the other hand, for spatially resolved single defects D1 and
D2, the g(2)(0) values of each single defect D1 and D2 in the
virtual image remain as low as 0.13 ± 0.06 and 0.16 ± 0.06,
respectively (Figure 3h). Such high single-photon purity
validates that magnified, high-resolution imaging allows optical
separation of single photons from the emission of adjacent
defects. It is also worth noting that the g(2)(0) value is still
below 0.5 for two spatially overlapping defects in conventional
microscopy. The emissions from two independent, identical
quantum emitters are expected to have g(2)(0) ∼ 0.5. However,
even with two defects, it is possible to have a g(2)(0) value
below 0.5 when the brightness of each emitter is not identical
or the measurement is spatially one-sided between two defects.
In addition, these defects are temporally blinking, making them
behave as a mixture of single emitter and two emitters under
the given experimental conditions. The fact is that g(2)(0) < 0.5
is often used as a criterion for a single defect, but the results
suggest that g(2)(0) < 0.5 alone cannot strongly support the
single quantum emitters. Therefore, having a high-resolution
imaging system will be much more beneficial to identify single
defects and independently manipulate closely spaced defects.
Next, we demonstrate that microsphere-assisted microscopy
improves the spin readout contrast and enables us to address
single spins of adjacent defects independently. The NV centers
in diamond have a zero-field splitting of 2.87 GHz52 without
an external magnetic field, which can be detected by optically
detected magnetic resonance (ODMR) measurements. Figure
4a,b shows the ODMR spectra of the same single defect in
conventional and microsphere-assisted microscopy. For
comparison, the single defect under a microsphere exhibits
an ODMR contrast of 25 ± 0.9%, much higher than the value
of 15 ± 1.1% in conventional microscopy. We attribute this
increase to the improved signal-to-noise ratio in the virtual
image.
To prove that we can address single spins of the merged
defects in a conventional optical diffraction limit, we examine
the ODMR spectrum of two closely spaced defects using both
microscopy setups. Although two defects spatially overlap in
conventional microscopy, as shown in the inset of Figure 4c,
we can confirm that two different spins exist by applying a
randomly oriented magnetic field (∼50 G) that breaks the
degeneracy of S = 1. Since the NV center in diamond has four
possible spin configurations in the crystal, two defects can have
a different amount of Zeeman splitting according to the
applied magnetic field.53 In Figure 4c, we observe four peaks
from two defects in the ODMR spectrum. Each defect shows
splittings of δ1 = ±50 MHz and δ2 = ±118 MHz from the
center at 2.87 GHz. Since these defects are merged in
conventional microscopy, we cannot optically address each
spin. However, with microsphere-assisted confocal microscopy,
these defects are clearly resolved, as shown in the inset of
Figure 4. (a, b) ODMR spectra of the single defect (b) with and (a) without a microsphere. (c−e) ODMR spectra with a magnetic field of
approximately 50 G for (c) two spatially unresolved defects in conventional confocal microscopy and two spatially resolved defects (d) 1 and (e) 2
in microsphere-assisted microscopy. The inset images represent confocal mapping images of the same defects in conventional and microsphere-
assisted microscopy. Scale bars in the confocal maps denote 200 nm.
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Figure 4d. We record the ODMR signals from each defect, as
shown in Figure 4d,e. In contrast to the previous four peaks
from the two unresolved defects, each ODMR spectrum shows
only two separated peaks from each defect (δ1 = ±55 MHz for
defect 1 and δ2 = ±120 MHz for defect 2) without crosstalk
from another defect. The small difference in δ1,2 between the
two setups is due to the slight change in magnet alignment
during the measurements. Therefore, demonstrating enhanced
spatial resolution and signal contrast, this microsphere-assisted
imaging approach allows us to independently address single
photons and single spins of adjacent defects that are spatially
unresolved in conventional microscopy.
■ CONCLUSIONS
In conclusion, we have demonstrated a high-resolution and
high-contrast optical interface that independently addresses
single photons and single spins of defects that appear merged
in conventional microscopy. The microspheres showed great
potential as an efficient optical interface for defects, with a
subdiffraction-limited spatial resolution up to ∼λ/5 and a
signal-to-noise ratio improvement of more than four times
compared to that of conventional confocal microscopy. The
spatial resolution of microsphere-assisted microscopy can be
improved further. A 100 μm sized microsphere has shown a
resolution of ∼λ/7 that resolves 75 nm sized features,37 and
combining plasmonic structures can strengthen the evanescent
field, increasing the resolution up to ∼λ/10.51 The size of the
photonic nanoject can also be narrowed down further by
resonantly driving whispering gallery modes of the micro-
sphere43 or coupling multiple microspheres.54 Besides, the
chromatic aberration in microspheres also plays a role in spatial
resolution. These chromatic aberrations could be reduced by
employing dielectric microspheres with low spectral dispersion
and imaging the defects having narrow line width, such as SiV
in diamond.
The microsphere can be easily adapted to conventional
optical setups, and compatible with various environments (oil,
water, and air) and objects (nanoparticles, biomolecule, and
thin films). Therefore, the technique can simply enhance the
resolution and sensitivity of quantum sensing and imaging
applications with defects.9,12,13,55,56 Additionally, the capability
of addressing adjacent defects independently is essential to
manipulate multiple defects and their interactions. For
example, when identical emitters are closely spaced less than
their wavelength scale, they can create an entangled super-
position state, showing the collective behavior of super-
radiance.57−59 Since conventional microscopy is limited to
addressing individual emitters spaced in such a short distance,
the previous works mostly introduced single-mode waveguides
or cavities to extend the interaction range.7,60,61 Our result of
selective excitation and control of individual defects within a
subwavelength scale shows the possibility of deterministic
addressing of these interactions.
The integration of microspheres does not use any fabrication
process, but it can be simply adapted with various defects in
bulk crystals and conventional microscopy systems. Further-
more, the possibility of relocating these micro-optics extends
their uses for scanning and deterministic positioning for
defects. Therefore, microsphere-assisted microscopy will pave
the way for exploring solid-state quantum systems.
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Bielejec, E.; Park, H.; Loncǎr, M.; Lukin, M. D. Photon-mediated
interactions between quantum emitters in a diamond nanocavity.
Science 2018, 362 (6415), 662.
ACS Photonics pubs.acs.org/journal/apchd5 Article
https://doi.org/10.1021/acsphotonics.1c00576
ACS Photonics 2021, 8, 2642−2649
2649
